Abstract
This
paper examines the influence of serrated grain boundary morphology and dislocation substructures on the fatigue crack growth resistance of Alloy 718 at 650"~ in laboratory air. The serrated grain boundary work was conducted on experimental plate stock whereas the influence of dislocation substructures was examined on specimens machined from service exposed discs that were retrieved from aero engines.
Serrated grain boundaries retard the fatigue crack growth rates (FCGR'S) by suppressing grain boundary sliding and providing a tortuous path for crack growth.
The influence of dislocation substructures on FCGR's can vary markedly with the type of substructure present. High dislocation densities in the form of planar arrays dramatically increase the FCGR's relative to cellular dislocation arrangements.
The origin of dislocation substructures in relation to remnant forging strains or service induced LCF damage is considered in detail. The influence of stress cycling on substructure development in service exposed discs is also discussed.
Introduction
The influence of microstructure on the elevated temperature fatigue crack growth rate (FCGR) Alloy 718 material was also obtained in the form of two retired first stage turbine discs, from an aero engine, with service time since new (TSN) of 1520 hours (referred to as the medium TSN disc) and 2045 hours (referred to as the high TSN disc) respectively.
The material for both discs came from the same alloy heat and these discs had also been forged from a single billet stock.
The chemical composition of the alloy heat conformed to the specifications given in Table 1 .
Heat Treatments and Microscopy
Two different heat treatments, named "Merrick" and "Modified Merrick", were applied to the plate material prior to machining the fracture mechanics specimens.
The details of these heat treatments are given in Table 2 .
The "Merrick" heat treatment has been previously developed by other investigators (8) whereas the "Modified Merrick" heat treatment was developed in the authors' laboratory (3,5). Both heat treatments start with a solution treatment at 1066OC for 1 hour followed by intermediate aging at 843OC for 4 hours and the standard double aging treatment.
In the case of the " Merrick" heat treatment the intermediate aging is carried out 4 hours produce profuse serration at the grain boundaries whereas the nMerrickVV heat treatment essentially produces a planar grain boundary morphology, Fig.   1 .
The service exposed discs tested in the present study had been machined from the forged stock and these forgings had been solution treated at 954OC for 1 hour followed by the standard double aging treatment. These discs were not subjected to any post-service heat treatments and the fracture mechanics specimens from the as-retrieved components.
discs were directly machined from the a b Standard metallographic procedures were used to prepare the experimental plate and the service exposed disc specimens for optical microscopy.
The specimens were etched in a solution composed of 2 parts water, 1 part hydrogen peroxide solution (30% solution) and 3 parts hydrochloric acid to reveal the microstructure. The ASTM mean linear intercept method was used to determine the average grain size of the etched specimens.
In the case of the service exposed discs, the average grain size from bore to rim was determined by examining samples removed from radial sections of each disc. Ref.
5)
To investigate the effects of dislocation substructures on fracture mechanics properties of Alloy 718, FCGR testing was performed on compact tension (CT) specimens machined from the service exposed discs. It is already known that bolt hole regions accumulate maximum damage due to stress cycling and are the fracture critical locations in these discs (9). Therefore, CT specimens were machined as close to the bolt holes as possible, Fig. 3 . The CT specimens were machined in a manner such that the direction of crack propagation through the specimen was radial towards the bore of the disc.
This orientation is also illustrated in Fig. 3 . The geometry of the CT specimens used in this work is given in Fig. 4 . The CT specimen met the ASTM standard E-647-83 minimum size recommendations in all dimensions (10) .
The specimen thickness was dictated by the minimum disc thickness in the bolt hole region and this corresponds to the 4.75 mm (0.187 in> dimension in Fig. 4 .
The CT specimen required a precrack of 6.67 mm and the final crack length was taken as 14.43 mm in order to meet the elasticity requirements as specified in ASTM standard E-647-83 (IO). These crack lengths correspond to a AK range of 30 to 72 MPa ,/m at an R value of 0.1.
The FCGR testing was carried out at 650°C in laboratory air using a sawtooth waveform at a frequency of 1 Hz. Four CT specimens from each service exposed disc were tested.
The SEM examination of the fracture surfaces was carried out to elucidate the failure modes.
Results

Alloy 718 Plate Stock
The results of optical and TEM examination of Alloy 718 subjected to " Merrick" and "Modified Merrick" heat treatments are compared in 
Alloy 718 Turbine Discs
The average grain sizes of both medium and high TSN discs, in locations where fracture mechanics specimens were machined from, were -15 ,u m although the individual grains varied in size from 3 to 60 pm. The hardness values in both discs tended to remain constant over the entire radial distance from bore to rim. The average hardness values in CT specimen locations in both discs were around Rc45.
The TEM observations revealed that there were no essential differences in the 7' and y" precipitate sizes and distributions between the medium and the high TSN discs, Fig. 8 . The high TSN disc, however, revealed the presence of a large number of intragranular planar dislocation arrays, Fig.   9 (a), and low angle boundaries, Fig. g(b) , in the bolt hole and bore regions respectively.
In contrast, the dislocation array arrangements in the medium TSN disc were cellular, Fig. 10 , and there was no indication of low angle boundary formation in any region of this disc.
The y' and 'j"' precipitates in the vicinity of these dislocation substructures in both discs did not reveal any unusual features such as coarser y" precipitates along dislocation lines.
These observations indicate that these dislocation substructures had probably formed during service in both discs. (ai CT specimen location (bolt hole regions) and !b) bore region. The FCGR data generated on CT specimens from the medium and high TSN 11. showed a large amount of scatter and these data are compared in Relative to the medium TSN disc, the high TSN disc specimens revealed FCGR's that were higher by a factor of 2 to 5 over a AX range of 30 indeed follows a tortuous path along the grain boundaries and, in addition, some deformation also occurs in matrix regions immediately adjacent to the serrated grain boundaries. The Alloy 718 discs examined in this study had been upset hammer forged at a 'starting forging termperature of 105OOC and the rim and the bore areas had been subjected to additional deformation at a starting forging temperature of 1000°C. The discs had then been partially solution treated well above the 7' solvus (871OC) or the y" solvus (9OOOC) at 955'C for 1 hour.
A partial solution treatment temperature of 955OC corresponds to 0.75 -0.8 Tm for the alloy.
In the absence of intragranular y' or 7" precipitates, the forging induced dislocation networks may either annihilate or rearrange to form a recrystallized grain structure because of the low stacking fault energy of Ni-base superalloys. Both discs revealed equiaxed recrystallized grain structures in the CT specimen locations, Fig. 13 , indicating the absence of remnant forging Fig. g(b) in a majority of the ,grains in the LCF specimens.
Antolovich and co-workers (21,22) have ah0 observed subgrain formation in notched LCF specimens of Alloy 718 that were tested at very low strain ranges of the order of 0.05% at 427'C and the specimen lives were typically of the order of 40,000 cycles. It is therefore quite probable that the dislocation substructure observed in the service exposed discs were actually induced during service rather than being the result of the remnant forging strains. 
